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C ~ ~) • The neutrino propagating in curved spacetimes, e.g. around black holes, in early curved 

£N) ' universe, violates Lorcntz and then CPT symmetry, at least in the local coordinate. This 

occurs due to coupling of spin of the neutrino to background spin connection which 
modifies the underlying dispersion relation. This results in the neutrino asymmetry and 
hence as a consequence neutrino oscillation probability gets affected. 



■ 1. Introduction 

Several astro-physical and cosmological problems are involved with neutrino physics, 
e.g. leptogenesis induced baryogenesis, neutrino cooled accretion disks, r— process 
I | nucleosynthesis in supernova explosions etc. A successful description of most of 

^Jy these scenario must consider neutrinos in curved spacetime. Naturally, in order to 

solve such problems, one should begin with Dirac equation in curved spacetime. 
Indeed in late eighties it was first pointed outP that the presence of gravitational 

■ field affects neutrino flavors which violates equivalence principle. Interestingly, the 
neutrino spin coupled with background spin connection in curved spacetime gives 
rise to an interaction which, depending on the nature of spacetime, violates Lorentz 

^-j- , and then CPT symmetry}^ atleast in a local coordinate. 

2. Dirac lagrangian in curved spacetime 

Let us recall the fermion Lagrangian density in curved spacetime^' 

£ = v^5? [(n a d a - m) + 7 Q 7 5 £ a ] V> = Cf + fr, (1) 

; where 

B d = e abcd e bx (d a e x c + I^X) . < e{ V ab = g^, (2) 

with the choice of unit c = H = ks = 1, m be the Majorana mass and Ci 
may be a Lorentz violating interaction. Note that under Lorentz transformation, 
ip (7°7 5 ) ip — > —ip (7°7 5 ) i>'- pseudo-sealer, and ip (7*7 5 ) ip — >■ tp (7*7 5 ) ip: pseudo- 
vector. Hence, if background gravitational potential is constant, then overall inter- 
action is Lorentz symmetry violating, which happens at a suitable curved back- 
groundp^l splitting the dispersion energies^ for neutrino and antineutrino in stan- 
dard model as 



E v = y@-B) 2 +m 2 + B , E-=^{p + BY + m 2 - B . (3) 
From eqn. (fTJ) the effective mass of a neutrino 5 

M = ( ~ Bo ~™) , where V» = (do, 8 t + 7 5 ^). (4) 

\ - m Bq I 



January 25, 2011 1:8 



WSPC - Proceedings Trim Size: 9.75in x 6.5in main 



Therefore, in case of flavor mixing, the mass lagrangian for v e and v v mixed by a 
Majorana mass m efl is^ 

{-gy 1/2 C m = - - (u^rrieiVei + v\ 2 m e2 Ve2 + ^i%i^i + v^m^v^ 

+ v \\ m tieVe\ + vl l2 m lie v e2 + ^m^^i + v^m^eV^ , (5) 

where TO e i,2, fn^ifi are gravitationally modified masses of neutrino flavors cor- 
responding to the electron and muon sectors respectively given by m^ e ^ 12 = 



^Fy'-Bg + m\ tlM . Therefore, the mass square difference of mass eigenstates, which 
determines the probability of flavor oscillation, is given bj0 



AM 2 = \M 2 - M|| = \M 2 Z - Mf\ = Jb 2 + ml + J B 2 



\ 




(6) 



3. Consequences 

3.1. Early universe 

As E v and E„ are different, there is a possibility of neutrino— antineutrino asym- 
metry with An ~ gdT 2 Bo, where gd is the relativistic degrees of freedom and T 
the temperature of the universe. In early universe with gravy wave perturbatiorP at 
T ~ I0 15 GeV, An/ s ~ I0~ 10 , what we observe today. During this phase the flavor 
oscillation is supposed to take place vigorously, controlled by gravity completely. 

3.2. During nucleosynthesis phase 

At the age of universe t ~ lsec, if Bq ~ 5 x 10~ 2 eV ~ m e , m^, m e ^, then the flavor 
oscillation probability P = 0.999 sin 2 ( 7xl0 ~^ 2scc ^ . For TeV neutrinos gravity 
effect increases probability two orders of magnitude compared to that in flat space, 
while for thermal neutrinos the effect is 1.5 times. 

3.3. Around primordial black holes 

In this case Bo was already computecP as Bo = 4ay/Mz /p 2 V 2r 3 , where p 2 = 
2r 2 + a 2 — x 2 — y 2 — z 2 , a is the specific angular momentum of the black hole. 
For neutrinos at around 20 Schwarzschild radii away of the black hole of mass 
M ~ 10 22 Af Q , Bo ~ 5 x 10~ 2 eV and oscillation length decreases to an order of 
magnitude compared to that in flat space. 

4. Bounds on B a 

In nonrelativistic limit, gravitational interaction becomes s.B, where s be the spin 
of the fermion. According to the Eot-Wash II experiment,^ where a macroscopic 



January 25, 2011 1:8 



WSPC - Proceedings Trim Size: 9.75in x 6.5in main 



3 

number of fcrmions could be polarized in the same direction, the difference in energy 
between fermion spins polarized parallel and anti-parallel to B is proportional to 
\B\. Therefore, by measuring E experimentally, a bound on B can be imposed. 

In a parametric material we can measure the net magnetization using a squid, 7 
when external field \B\ appears as an effective magnetic field B c g = \B\/ he- In the 
experiment, B e g can be probed to be ~ 10 _12 G, which implies B ~ 10 _23 GeV. 

About 10 Schwarzschild away from a black hole of mass tuMq, Bq ~ 
10~ 21 /?ti GeV which could affect the flavor oscillation length, as obtained in flat 
space, if rn ~ 10 -11 , because the mass of a neutrino is ~ 10~ 10 GeV. However, a 
neutrino— antincutrino oscillation length would be ^ 10m km in the vicinity of a 
black hole, when Bq is very small (~ 10 _22 GeV for a 10M Q black hole) which is 
quite compatible with the experimental bound described above. 

For neutrinos in a satellite orbiting Earth with an azimuthal velocity v$ ~ 1 
km/sec, Bo ~ 10 _37 GeV, is further smaller, which is very hard to detect. 

5. Conclusions 

A neutrino coupling to spacetime curvature violates Lorentz and then CPT symme- 
try with a suitable gravitational background. The conditions: (1) spacetime must 
not be spherical symmetric, (2) background curvature coupling is either a constant 
or an even function of spacetime. This results in a possible neutrino— antineutrino 
asymmetry and then leptogenesis induced baryogenesis based on sphaleron process. 
This also leads to the neutrino— antineutrino oscillation. Early curved universe is a 
very feasible situation to have this Lorentz symmetry violation occurred. Gravita- 
tional field modifies the mass and then the mass matrix of neutrinos which allows 
the particle and anti— particle to mix. This generates neutrino mass varying with 
time. Once gravity modifies the mass of neutrinos, it might affect flavor oscillation 
probability and corresponding oscillation length, depending on the nature of gravity. 
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